The lipid and lignin compositions of woods from the eucalypt species Eucalyptus globulus, E. nitens, E. maidenii, E. grandis, and E. dunnii have been characterized. The lipid composition was analyzed by GC and GC/MS using short-and medium-length high-temperature capillary columns, which allowed the detection of intact highmolecular-weight compounds. Similar lipid compositions were observed in all eucalypt woods, which were dominated by sitosterol, sitosterol esters and sitosteryl 3b-Dglucopyranoside. These substance classes are mainly responsible for pitch deposition during kraft pulping of eucalypt wood. However, some quantitative differences were found in the abundance of different lipid classes, with wood from E. globulus containing the lowest amounts of these pitch-forming compounds. The lignins of all eucalypt woods were analyzed in situ (without previous isolation) by pyrolysis-GC/MS. A predominance of syringyl (S) over guaiacyl (G) lignin units was observed and the S/G ratio was in the range from 2.7 to 4.1. E. globulus wood had the highest S/G ratio, a finding that, together with its low lignin content, explains its easy delignification under kraft cooking conditions.
Introduction
Eucalypt wood is used as a raw material for paper pulp manufacturing in Southwest Europe, Brazil, South Africa, Japan and other countries. Among the different eucalypt species, wood from Eucalyptus globulus is the best raw material for kraft pulp manufacturing, giving a very high pulp yield (del Río et al. 2005) . The composition of E. globulus wood has been widely characterized, including the lipid fraction (Gutié rrez et al. 1998a del Río et al. 1998 del Río et al. , 2000 Gutié rrez and del Río 2001; Freire et al. 2002 Freire et al. , 2006 and the lignin composition (Ona et al. 1997; Rodrigues et al. 1999; Evtuguin et al. 2001; del Río et al. 2001a del Río et al. ,b, 2002 del Río et al. , 2005 . However, besides E. globulus, other eucalypt species are also used for papermaking, but their chemical compositions have not been characterized. Only some limited information regarding the composition of lipophilic extractives from E. grandis and E. urograndis wood (Freire et al. 2006 ) and the lignin composition of E. camaldulensis and E. grandis (Ona et al. 1997; Gonzá lez-Vila et al. 1999; Yokoi et al. 1999 Yokoi et al. , 2001 Capanema et al. 2005 ) is available.
In this paper, we report the lipid and lignin composition of woods from E. globulus, E. nitens, E. maidenii, E. grandis, and E. dunnii, which are widely used for papermaking. The content and chemical structure of wood components, in particular the lignin content and its composition in terms of its p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) moieties, are important parameters in pulp production in terms of delignification rates, chemical consumption and pulp yields. The higher reactivity of S lignin compared to G lignin in alkaline systems is known (Chang and Sarkanen 1973; Tsutsumi et al. 1995) and therefore the lignin S/G ratio in hardwoods affects the pulping efficiency. It has already been shown for eucalypt woods that higher S/G ratios imply higher delignification rates, lower alkali consumption and therefore higher pulp yield del Río et al. 2005) . In this work, the lignin composition of different eucalypt woods was characterized in situ by pyrolysis-GC/MS (Py-GC/MS), for which the wood itself was pyrolyzed without lignin isolation. Py-GC/MS is a rapid and highly sensitive technique for characterizing the chemical structure of lignin in low amounts of wood (Faix et al. 1990; Ralph and Hatfield 1991) . Py-GC/MS has already been successfully used for the calculation of lignin S/G ratios in wood, including woods from different eucalypt species (Rodrigues et al. 1999; Yokoi et al. 1999 Yokoi et al. , 2001 del Río et al. 2005) .
On the other hand, extractives, especially lipophilic compounds, are also important during pulp and paper production. Extractives are released from fibers during pulping and can form colloidal pitch and cause production problems such as deposits. In the manufacture of alkaline pulps, a large proportion of the lipids is removed from the wood during cooking. However, some substances survive this process and are detectable as pulp extractives. If they form so-called pitch deposits in water circuits, the consequences are serious: reduced product quality and higher operating costs due to production stops for equipment cleaning (Hillis and Sumimoto 1989; Back and Allen 2000; Gutié rrez et al. 2001c ). The increasing trend in recirculating water in pulp mills aggravates these problems. Pitch deposits have been reported to occur in pulp mills cooking E. globulus wood. Free and conjugated (esters and glucosides) sterols are the main lipophilic compounds responsible for pitch deposition (del Río et al. 1998 (del Río et al. , 2000 Gutié rrez et al. 1998a Gutié rrez et al. , 1999 Silvestre et al. 1999; Gutié rrez and del Río 2001) . In this paper, lipids were analyzed by GC and GC/MS using short-and medium-length, high-temperature, thin-film capillary columns, respectively, according to the method previously described (Gutié rrez et al. 1998b ). This method allows the elution and analysis of intact high-molecular-weight lipids such as waxes, sterol esters, sterol glycosides and triglycerides. 
Materials and methods

Samples
Solid phase extraction (SPE) fractionation
For a better characterization of the different homologous series, the lipid extracts were fractionated using an SPE procedure on aminopropyl-phase cartridges (500 mg) from Waters as previously described (Gutié rrez et al. 1998b . Briefly, the dried chloroform extracts were taken up in a minimum volume (-0.5 ml) of hexane/chloroform (4:1) and loaded onto a cartridge column previously conditioned with hexane (4 ml). The cartridge was loaded and eluted by gravity. The column was first eluted with 8 ml of hexane (giving a fraction containing sterol esters, waxes and hydrocarbons) and subsequently with 6 ml of hexane/chloroform (5:1) (fraction containing triglycerides), then with 10 ml of chloroform (fraction containing free sterols) and finally with 10 ml of diethyl ether/acetic acid (98:2) (fraction containing free fatty acids). Each isolated fraction was dried under nitrogen and analyzed by GC and GC/MS.
GC and GC/MS analyses of lipophilic extracts
GC analyses of the extracts were performed on an Agilent 6890N GC system using a short fused silica capillary column (DB-5HT, 5 m=0.25 mm i.d., 0.1 mm film thickness) from J&W Scientific. The temperature program was started at 1008C with a 1-min hold and then increased to a final temperature of 3508C at 158C min -1 , and held for 3 min. The injector and flame-ionization detector temperatures were set at 3008C and 3508C, respectively. The carrier gas was helium at a flow rate of 5 ml min -1 , and injection was performed in splitless mode. Peaks were quantified by area in the GC chromatograms. A mixture of standard compounds (octadecane, hexadecanol, palmitic acid, sitosterol, 7-oxocholesterol, sitosteryl 3b-D-glucopyranoside, cholesteryl oleate, and triheptadecanoin) was used for quantification. The data for two replicates were averaged.
GC/MS analyses were performed on a Varian Star 3400 GC equipped with an ion trap detector (Varian Saturn 2000 model) using a medium-length (12 m) capillary column of the same characteristics as described above. The oven was heated from 1208C (1 min) to 3808C at 108C min -1 and held for 5 min. The transfer line was kept at 3008C. The injector was temperatureprogrammed from 1208C (0.1 min) to 3808C at a rate of 2008C min -1 and held until the end of the analysis. Helium was used as the carrier gas at a flow rate of 2 ml min -1
. Methylation was performed with trimethylsilyldiazomethane and silylation with bis(trimethylsilyl)trifluoroacetamide (BSTFA) when required. Compounds were identified by comparing their mass spectra with mass spectra in Wiley and NIST libraries, by mass fragmentography and, when possible, by comparison with authentic standards.
Py-GC/MS analysis
Analytical pyrolysis was performed using a CDS Pyroprobe AS-2500 autosampler. The sample (typically 100 mg) was placed in a quartz tube (2 mm=40 mm) and inserted into the sample tray. Pyrolysis was carried out at 5508C for 10 s. The pyrolysis chamber was kept at 2508C and purged with helium to transfer the pyrolysis products as quickly as possible to the GC column. The pyrolyzer was connected to an Agilent 6890 GC equipped with an on-column injector and a fused silica capillary column (DV-1701, 60 m=0.25 mm i.d., 0.25 mm film thickness) coupled to an Agilent 5973N mass spectrometer. The chromatograph was programmed from 458C (4 min) to 2808C at a rate of 48C min -1 . The final temperature was held for 15 min. The injector was set at 2508C, while the GC/MS interface was kept at 2808C. Compounds were identified by comparing the mass spectra obtained with those in the Wiley and NIST computer libraries and reported in the literature (Faix et al. 1990; Ralph and Hatfield 1991) . Relative peak molar areas were calculated for carbohydrate and lignin pyrolysis products. The summed molar areas of the relevant peaks were normalized to 100%, and the data for two repetitive pyrolysis experiments were averaged. The relative standard deviation for the pyrolysis data was less than 5%.
Results and discussion
The lipid and lignin contents of woods from the different eucalypt species are listed in Table 2 . The Klason lignin content of the woods was in the range 18.7-22.6%, with the lowest yield for E. globulus wood. The lipid content, estimated as the fraction of acetone extracts that can be redissolved in chloroform, less than 0.6%, was also low for all eucalypt woods; the lowest value also corresponds to E. globulus wood. Accordingly, E. globulus wood seems to be the best choice for pulping (low lignin content) and papermaking (fewer pitch problems) among the species tested in the present study.
Lipid composition
The lipid extracts were analyzed by GC and GC/MS according to the method developed by Gutié rrez et al. (1998b) . For better characterization of the different homologous series and other minor compounds, the lipid extracts were fractionated by SPE and the fractions isolated were analyzed by GC and GC/MS. A chromatogram of the total lipid extract (as TMSi ether derivatives) from a selected eucalypt (E. nitens) wood is presented in Figure 1 and the detailed composition of the compounds identified is listed in Table 3 . It must be noted that the chloroform-soluble fraction of the acetone extracts contains other compounds (stilbenes, lignans, etc.) that are not considered as lipids and therefore have not been included in Table 3 . The most predominant lipophilic compounds present in the eucalypt woods studied were steroids, including sterols, sterol esters and sterol glycosides, with lower amounts of steroid ketones and steroid hydrocarbons (Figure 2 ). The woods from E. globulus and E. dunnii have the lowest content of free and conjugated (esters and glycosides) sterols, which are the main compounds responsible for pitch deposition during kraft cooking of eucalypt wood (del Río et al. 1998 (del Río et al. , 2000 Silvestre et al. 1999; Gutié rrez and del Río 2001) , whereas E. nitens wood contains the highest content of these detrimental pitch-forming lipids. Other compounds found were series of fatty acids, fatty alcohols, v-hydroxyfatty acids, mono-, di-and triglycerides, tocopherols (free and esterified), alkylferulates and minor amounts of squalene ( Figure 3 ). Free sterols were one of the major compound classes in extracts from all eucalypt woods (ranging from 268 to 543 mg kg -1 wood), with sitosterol (I) and stigmastanol (II) the main sterols present in all eucalypt woods. Minor amounts of other sterols, such as campesterol (III), fucosterol (IV), cycloartenol (V), 24-methylenecycloartanol (VI), citrostadienol (VII) and 7-oxositosterol (VIII), were also present in the eucalypt woods. E. globulus and E. dunnii woods contain the lowest amounts of free sterols, whereas E. nitens contains the highest quantities of free sterols.
Significant amounts (65-206 mg kg -1 wood) of sterol glycosides, principally sitosteryl 3b-D-glucopyranoside (IX), were found in extracts of all the eucalypt wood species. These compounds were first identified in E. globulus wood by Gutié rrez and del Río (2001) after appropriate derivatization and by comparison with authentic standards, together with the corresponding acyl steryl glycoside, principally sitosteryl (69-O-palmitoyl)-3b-Dglucopyranoside. Sitosteryl 3b-D-glucopyranoside was especially abundant in E. nitens and E. grandis, whereas the content was low in E. globulus and E. maidenii.
Sterol esters were also present in high amounts among lipophilic extractives from the different eucalypt woods, accounting for 214-828 mg kg -1 wood, with the highest abundance observed for E. nitens wood and the lowest for E. grandis and E. globulus woods. The sterol esters corresponded mainly to sitosterol and stigmastanol ester series, with minor amounts of series of campesterol, fucosterol, cycloartenol and 24-methylenecycloartanol esters. Saponification of the sterol ester fraction isolated after SPE indicated that the major sterol ester present in the eucalypt wood extracts is sitosteryl linoleate (X) ).
Other steroid compounds, such as steroid ketones and steroid hydrocarbons, were also important components in the eucalypt woods. Steroid ketones accounted for 37-113 mg kg -1 wood, mainly constituted by stigmastan-3-one (XI), stigmasta-3,5-dien-7-one (XII), stigmast-4-en-3-one (XIII) and stigmasta-3,6-dione (XIV). Different steroid hydrocarbons (mono-, di-and triunsaturated) were also identified, although in low amounts, with stigmasta-3,5-diene (XV) the most predominant.
Free fatty acids were also relevant constituents of the different eucalypt wood extractives. The series of free fatty acids accounted for 201-432 mg kg -1 wood, and Figure 2 Structures of the main steroid compounds identified in eucalypt woods and referred in the text. I, sitosterol; II, stigmastanol; III, campesterol; IV, fucosterol; V, cycloartenol; VI, 24-methylenecycloartanol; VII, citrostadienol; VIII, 7-oxositosterol; IX, sitosteryl 3b-D-glucopyranoside; X, sitosteryl linoleate; XI, stigmastan-3-one; XII, stigmasta-3,5-dien-7-one; XIII, stigmast-4-en-3-one; XIV, stigmasta-3,6-dione; XV, stigmasta-3,5-diene.
occurred in the range from C 14 to C 30 with a strong evenover-odd carbon atom number predominance; the predominant component was palmitic acid (XVI), together with oleic (XVII) and linoleic (XVIII) acids. Elevated amounts of higher-molecular-weight fatty acids, such as docosanoic (C 22 ), tetracosanoic (C 24 ) and hexacosanoic (C 26 ) acids, were observed in all extracts. v-Hydroxyfatty acids, such as 22-hydroxydocosanoic (XIX) and 24-hydroxytetracosanoic acids, were also found in all samples.
Other compounds identified, although in low amounts, were tocopherols, including a-tocopherol (XX) and btocopherol (XXI), with a predominance of a-tocopherol. Interestingly, the tocopherols were also found in esterified form to long-chain fatty acids in all eucalypt woods. The series corresponding to a-tocopherol esters (XXII) and b-tocopherol esters (XXIII) were characterized intact by GC/MS, based on their mass spectra. The tocopherols were esterified to fatty acids with even C-numbers in the range from C 12 to C 20 , including the unsaturated oleic (C 18:1 ) and linoleic (C 18:2 ) acids (Rencoret et al. 2006) .
A series of compounds was found in which ferulic acid was esterified with either long-chain n-fatty alcohols (XXIV) or v-hydroxyfatty acids (XXV). Characterization of intact individual compounds was achieved based on GC/ MS mass spectra of the underivatized and their methyl and/or TMS ether derivatives already published . The series of n-alkyl trans-ferulates occurred in the range from C 20 to C 26 , with a predominance of even carbon-number homologs, C 22 and C 24 being the most prominent in all the woods except E. dunnii, in which C 24 and C 26 chain lengths were prevalent. The feruloyl esterlinked v-hydroxyfatty acids, which have rarely been reported in plants, were identified in the range from C 16 to C 26 , with C 22 and C 24 homologs the most abundant in all woods except E. dunnii, in which C 24 and C 26 predominated. Small amounts of alkylferulates and v-carboxyalkylferulates were also reported in E. globulus wood (Freire et al. 2002) .
Glycerides, including mono-, di-and triglycerides, were also found, with a predominance of the monoglycerides. Monoglycerides (XXVI) were identified among the lipophilic extractives in relatively high amounts (59-121 mg kg -1 wood). The C-number of the fatty acid moiety ranged from C 14 to C 30 , and again a predominance of even carbon-number homologs was observed (C 24 , C 26 Figure 3 Structures of the non-steroid compounds identified in the eucalypt woods and referred in the text. XVI, palmitic acid; XVII, oleic acid; XVIII, linoleic acid; XIX, 22-hydroxydocosanoic; XX, a-tocopherol; XXI, b-tocopherol; XXII, a-tocopherol linoleate; XXIII, b-tocopherol linoleate; XXIV, trans-docosanyl ferulate; XXV, trans-feruloyloxydocosanoic acid; XXVI, docosanoic acid 2,3-dihydroxypropyl ester; XXVII, tripalmitin; XXVIII, squalene; XXIX, n-docosanol.
Figure 4
Py-GC/MS chromatogram of a selected eucalypt (E. maidenii) wood. For peak identification refer to Table 4. and C 28 were the most abundant). A series of monoglycerides of v-hydroxyfatty acids of C 24 , C 26 and C 28 , which were previously identified in eucalypt woods by Freire et al. (2006) , were also found in minor amounts in the extracts of all eucalypt woods. Triglycerides, accounting for 11-38 mg kg -1 wood, were mainly constituted by tripalmitin (XXVII), while diglycerides were present only in very minor amounts in the eucalypt wood extracts.
Finally, minor amounts of other compounds, such as squalene (XXVIII) and series of fatty alcohols (XXIX) ranging from C 14 to C 28 , were found in all eucalypt extracts.
Lignin composition
The chemical composition of the lignins was analyzed by Py-GC/MS. The pyrogram of E. maidenii wood is presented as an example in Figure 4 . The assignments and relative molar abundances of the compounds released are listed in Table 4 . The majority of the degradation products were from lignin, whereas compounds arising from carbohydrates were less abundant. Among the carbohydrate-derived compounds, the main ones are hydroxyacetaldehyde (1), furfural (4), 2,3-dihydro-5-methylfuran-2-one (6), (5H)-furan-2-one (7), 4-hydroxy- -sinapaldehyde (44) . In all cases, lignin-derived Stype phenols were released in higher abundance than the corresponding G-type phenols. Relative peak molar areas were calculated for carbohydrate, and lignin G-and S-type degradation products. The lignin S/G and lignin/ carbohydrate (L/CH) ratios were determined for each sample and the average for two replicates was calculated (Table 4) . It should be noted that the L/CH ratio observed does not reflect the real content of each moiety, since pyrolysis is known to highly underestimate the cellulose content due to intense charring and extensive degradation to non-chromatographed products. However, the L/CH ratio observed after pyrolysis can still be used for comparison of the relative amounts of lignin and carbohydrates moieties. Thus, the wood from E. globulus presents the lowest L/CH ratio, which is in agreement with the lowest lignin content estimated as Klason lignin, as shown in Table 2 . The results also indicate that lignins from different eucalypt wood species present high S/G ratios, ranging from 2.7 to 4.1, although it should be noted that pyrolysis, as all degradation methods, overestimates the amounts of S units (Sarkanen and Hergert 1971) . The wood from E. globulus presents the highest S/G ratio (4.1), which makes it easier to delignify under kraft cooking owing to the higher reactivity of S-lignin in alkaline systems (Chang and Sarkanen 1973; Tsutsumi et al. 1995) . On the other hand, wood from E. grandis and E. dunnii presents the lowest S/G ratios (2.7 and 3.1, respectively), which, together with their higher lignin content, makes them more difficult to delignify than E. globulus. The higher S/G ratio, together with its lower lignin content (Table 2) , is in agreement with the lowest alkali consumption and the highest pulp yield observed for E. globulus, as reported in Table 1 .
Conclusions
The lipid and lignin compositions of woods from different eucalypt species have been characterized. E. globulus had the lowest lignin content and the highest S/G lignin ratio. This finding is in agreement with the lowest alkali consumption and the highest pulp yields observed for this wood in the course of pulping experiments. The lowest lipid content, especially the lowest content of pitchforming lipids, such as free and conjugated (esters and glycosides) sterols, also contribute to the explanation why this species is the most valuable among eucalypt trees for pulping and papermaking.
